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Edited by Judit Ova´diAbstract Histidine 45 in HpaI was replaced with alanine
(H45A) and glutamine (H45Q). In the aldol cleavage reaction,
kcat values were lowered by 78- and 2059-fold while Km values
were increased by 100- and 42-fold in H45A and H45Q, respec-
tively, compared to the wild-type enzyme. Both mutants dis-
played higher dissociation constants towards the metal
cofactor, pyruvate and the transition state analogue, oxalate.
Pyruvate proton exchange rates are consequently reduced in
H45A and H45Q. pKa for a catalytic base (6.5) is lost in the mu-
tant enzymes and catalysis is dependent on hydroxide ions. The
results show that histidine 45 is important for metal cofactor
binding and for facilitating C4-OH proton abstraction of the
substrate in the reaction mechanism.
Crown Copyright  2008 Published by Elsevier B.V. on behalf
of the Federation of European Biochemical Societies. All rights
reserved.
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Aldolases are evolutionarily divergent enzymes that catalyze
the reversible bond formation between carbon atoms and are
useful for chemical synthesis of enantiomerically pure organic
molecules, including rare bioactive sugars and antibiotics [1].
HpaI and HpcH (E.C. 4.1.3) are Class II (metal ion dependent)
pyruvate-speciﬁc aldolases of identical sequences involved in
the last step of 3- and 4-hydroxyphenylacetate catabolism in
Escherichia coli strain W and C, respectively [2]. They are
homologous to 2-dehydro-3-deoxygalactarate (DDG) aldolase
[3] and an aldolase involved in the degradation of the aromatic
pollutant, tetralin [4]. These enzymes utilize 4-substituted
derivatives of 4-hydroxy-2-ketobutanoate as substrates, with
an (S) conﬁguration at carbon 4 [3,5]. Indeed, HpaI was found
to have broad substrate speciﬁcity, catalyzing the aldol cleav-
age of 4-hydroxy-2-ketopentanoate (HOPA), 4-hydroxy-2-
ketohexanoate and KDO, yielding pyruvate and an aldehyde
[2].Abbreviations: DDG, 2-dehydro-3-deoxygalactarate; HEPES, 4-(2-
hydroxyethyl)-1-piperazinepropanesulfonic acid; HOPA, 4-hydroxy-2-
ketopentanoate; NMR, nuclear magnetic resonance; LDH, lactate
dehydrogenase; PAR, 4-(2-pyridylazo)Resorcinol monosodium salt
hydrate
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doi:10.1016/j.febslet.2008.08.032Crystal structures of DDG aldolase [6] and HpcH/HpaI [7]
show common (ab)8 TIM barrel folds with similar active site
architectures. Pyruvate or the pyruvate analogue, oxamate,
binds in a bidentate fashion, via the C1 carboxylate and C2 car-
bonyl, to the divalent metal ion cofactor. Aspartate, glutamate
and two ordered water molecules complete the octahedral shell
of the metal ion (Fig. 1). A conserved arginine residue in the
respective active sites is important for pyruvate C3 proton ex-
change, possibly by stabilizing the negatively charged pyruvate
enolate. Hence, replacement of this residue in HpaI with alanine
led to an inactive enzyme that was unable to catalyze the half-
reaction of pyruvate C3 proton exchange [2,7]. In the reaction
mechanism, a catalytic base is required to abstract a proton
from the C4-OH of the substrate, and a catalytic acid to donate
a proton to the resulting pyruvate enolate (Scheme 1). It is not
apparent from structural data which residues could participate
in this acid/base catalysis since there are no candidate residues
close enough to C3 of pyruvate, and a structure of the enzymes
in complex with the aldehyde moiety (containing the C4 carbon
of the condensed product) is unavailable. An enzyme bound
phosphate was previously postulated to be the catalytic acid
[6], but this was subsequently disputed since in phosphate-free
buﬀer, pyruvate proton exchange catalyzed by HpaI is not im-
paired [2]. A histidine residue (His 45) within the active site of
HpcH has been replaced with alanine and the resulting enzyme
was reported to be inactive [7]. This histidine resides on a ﬂexi-
ble loop, and it is distal to N of oxamate or C3 of pyruvate and
3.4 A˚ from a water ligand to the metal cofactor in the structures
of DDGaldolase andHpcH. Its precise role in the enzyme is not
understood. Here we show, contrary to previous report [7], that
His45mutants ofHpcH/HpaI are still active, although activities
are less than 1% of the wild-type. Using various biochemical ap-
proaches we demonstrate that this residue is important for opti-
mal metal cofactor binding and for base catalysis in the enzyme.2. Materials and methods
2.1. Chemicals
Catechol, L-lactate dehydrogenase (LDH) (rabbit muscle), 4-(2-
pyridylazo)resorcinol monosodium salt hydrate (PAR) and Chelex
100 were from Sigma–Aldrich (Oakville, Ontario, Canada). HOPA
was prepared enzymatically from catechol [2]. All other chemicals were
of analytical grade and were obtained from Sigma–Aldrich and Fisher
scientiﬁc (Nepean, Ontario, Canada).
2.2. Site-directed mutagenesis
Site-directed mutagenesis was carried out according to
QuikChange (Stratagene) method. The sequence of the sense
oligonucleotides used to construct the H45A and H45Q mutantsf of the Federation of European Biochemical Societies. All rights reserved.
Fig. 1. Structure of HpcH showing the positions of histidine 45,
arginine 75, the Mg2+ cofactor, Mg2+ ligands, and the bound pyruvate
analogue, oxamate. Mg2+ is represented as a cyan sphere, while the
water ligands are represented as red spheres. Carbon atoms in the stick
representations are colored green except in oxamate, which are colored
orange. The ﬁgure was generated by pymol using coordinates from the
PDB data bank (2v5K).
Scheme 1. Proposed catalytic mechanism of HpaI. General acid and
base catalytic residues are represented as AH and B, respectively. The
divalent metal cofactor is represented by M2+.
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CGGTGAGCAAGCGCCGAATAACG, respectively (the altered
codons are underlined). DNA of putative mutants was sequenced to
conﬁrm the presence of the desired mutations and absence of second-
ary mutations.
2.3. Expression and puriﬁcation of enzymes
Mutant HpaI enzymes were expressed in E. coli Bl21(kDE3) cells,
and the proteins puriﬁed as described for the wild-type enzyme [2].
Puriﬁed protein concentrations were determined by the Bradford assay
[8] using bovine serum albumin as standards. Subunit and native
molecular weights of enzymes are estimated from SDS–PAGE and
gel ﬁltration, respectively [2].
2.4. Enzyme assays
Enzyme activity was deduced spectrophotometrically by coupling
pyruvate formation with NADH oxidation using L-LDH [2]. Standard
assays contain 0.5 mM CoCl2, 0.3 mM NADH, 30U L-LDH in a total
of 1 mL 100 mM sodium 4-(2-hydroxyethyl)-1-piperazinepropanesulf-
onic acid (HEPES), pH 8.0. Data were ﬁtted by non-linear regression
to the Michelis Menten (for all mutants) and substrate inhibition equa-
tion (for wild-type) using the program Leonora [9].
The eﬀects of pH on kcat/Km were studied in the pH range from 5.5
to 8.8 with constant ionic strength buﬀer containing 0.1 M Tris, 0.05 M
Acetic acid, 0.05 M MES and 25.0 mM CoCl2. Other conditions were
the same as the standard enzyme assay with the substrate concentra-
tions varied from at least 0.1–5 · Km. The data were ﬁtted to the
following equation by non-linear regression in the program Leonora.
v ¼ C=ð1þ H=Ka1Þ
v ¼ C=ð1þ H=Ka1 þ Ka2=HÞwhere C is the pH-independent value of kcat/Km or kcat, H is the proton
concentration, and Ka1 and Ka2 are ionization constants.
The rate of pyruvate proton exchange catalyzed by the enzymes was
determined by measuring the loss of pyruvate methyl protons signal in
deuterated buﬀer by nuclear magnetic resonance (NMR) [2].
2.5. Determination of dissociation constants
Equilibrium dissociation constant of substrate analogues were deter-
mined by tryptophan ﬂuorescence titration [2]. UV–visible analysis of
the Enzyme-Co2+ complex for wild-type and mutant enzymes were
performed with 100 lM enzymes and 4.0 mM Co2+ in 0.6 mL
100 mM sodium HEPES, pH 8.0. After 5 h incubation at 25 C, a
UV–visible scan was carried out from 200 nm to 900 nm at 25 C using
a Varian Cary 100 spectrophotometer.
Dissociation constants for the cofactor Co2+ were determined by
titration. Apo-enzymes (34.6 lM, 374.2 lM and 525.3 lM for wild-
type, H45A and H45Q, respectively) were incubated with varying con-
centrations of CoCl2 in a total volume of 200 lL 100 mM Sodium
HEPES buﬀer (pH 8.0) containing 200 mM KCl. The CoCl2 concen-
tration was varied in the range from 20 to 100 lM for wild-type en-
zyme, 200–1250 lM for H45A enzyme and 300–1500 lM for H45Q
enzyme. After incubation for 5 h at 25 C, 100 lL of free Co2+ was re-
moved by ultraﬁltration with Amicon Microcon YM-10 concentrator
and free Co2+ concentration in the eﬄuent was determined using
PAR as a colorimetric metal ion chelator [10]. Four hundred microli-
ters of freshly prepared PAR solution (0.4 mM) was mixed with 50 lL
sample solution and the absorbance was determined at 505 nm within
5 min. The concentration of bound Co2+ was calculated by the equa-
tion:
½Co2þbound ¼ ½Co2þtotal  ½Co2þfree
The dissociation constant Kd was then determined by ﬁtting the data to
the following equation using non-linear regression by Sigma plot 8.0
½Co2þbound ¼
C  ½Co2þfree
Kd þ ½Co2þfree
where C is the saturated concentration of Co2+ in bound form. The
amount of bound Co2+ per mole of protein was calculated by Scat-
chard plot.3. Results and discussion
3.1. Expression, puriﬁcation and general characteristics of
mutant enzymes
The H45A and H45Q mutants were puriﬁed with yields of
19 mg and 26 mg, respectively from 1 L of bacteria culture.
The enzymes were judged to be more than 98.5% pure by
SDS–PAGE. The sizes of the native mutant enzymes were
identical to that of the wild-type enzyme as determined by
gel ﬁltration.
3.2. Steady-state kinetic analysis and pyruvate proton exchange
half-reaction
Speciﬁc activities of the mutant enzymes at varying substrate
concentrations ﬁt the Michaelis-Menten equation with no sub-
strate inhibition. kcat values for H45A and H45Q were lowered
by 78- and 2059-fold, respectively, and apparent Km values
were increased by about 100- and 42-fold compared to the
wild-type enzyme (Table 1). Catalytic eﬃciencies (kcat/Km) of
the mutant enzymes are therefore decreased by 3- to 4-orders
of magnitude. The high Km values for HOPA in the mutants
may account for the previous report that H45A mutant of
HpcH is inactive when tested with low concentrations
(1.5 mM) of substrate [7].
Contribution of H45 in proton abstraction/donation to the
pyruvate methyl carbon was monitored by 1H NMR. As
Table 1
Steady-state kinetic parameters for wild-type and H45 mutant enzymes
Enzymes Km (mM) Ksi (mM) kcat (s
1) kcat/Km (M
1 s1)
Wild-type 0.38 ± 0.02 4.6 ± 0.1 350 ± 6 9.3 · 105
H45A 38 ± 4 * 4.5 ± 0.6 1.2 · 102
H45Q 16 ± 2 * 0.17 ± 0.01 11
*No substrate inhibition detected.
Table 2
Rate of methyl proton exchange of pyruvate catalyzed by wild-type
and H45 mutant enzymes
Enzymes Vexchange (lmol min
1 mg1)
Wild-type 770 ± 20
H45A 17 ± 1
H45Q 9.3 ± 0.4
Assays of 600 lL contain 30 mM pyruvate, 0.5 mM CoCl2 and 20 mM
deuterated MOPS Buﬀer (pD 8.0) in the presence of 5.25 lg of wild-
type, 5.64 lg H45A or 5.80 lg H45Q enzyme.
Table 3
Dissociation constants and stoichiometry of Co2+ binding
Enzymes Kd (lM) Moles of Co
2+/moles of enzyme
Wild-type 10 ± 1 1.2 ± 0.1
H45A 240 ± 30 1.3 ± 0.2
H45Q 690 ± 110 1.3 ± 0.2
Table 4
The Km(app) of Co
2+ for wild-type and mutant enzymes
Enzymes Km(app) for Co
2+ (lM)
1.5 mM HOPA 20 mM HOPA
Wild-type 6.0 ± 0.9 5.3 ± 0.3
H45A 4800 ± 300 4500 ± 200
H45Q 5300 ± 200 4600 ± 500
W. Wang, S.Y.K. Seah / FEBS Letters 582 (2008) 3385–3388 3387shown in Table 2, pyruvate exchange rates are reduced in
H45A and H45Q by 45- and 83-fold, respectively. This may
be due to perturbed metal cofactor binding by the enzyme as
indicated below.
3.3. Ligand binding
The H45A and H45Q have 24-fold and 69-fold higher disso-
ciations constants for Co2+ compared to the wild-type enzyme
(Fig. 2; Table 3). One Co2+ was bound per enzyme molecule.
Apparent Km values for Co
2+ were also increased in the two
mutants by about 800-fold compared to the wild-type enzyme
(Table 4). UV–visible analysis of the enzyme-Co2+ complex for
the wild-type and mutant enzymes did not reveal any absor-
bance peaks between 500 nm and 700 nm, indicating symmetry
forbidden d–d transition [11] and suggesting that Co2+ is still
coordinated in a hexavalent rather than a tetravalent or penta-
valent manner.Fig. 2. Scatchard plot of Co2+ binding to wild-type, H45A and H45Q
enzymes. The solid line represents lines of best ﬁt for wild-type (d),
H45A (s) and H45Q (.).Due to perturbed metal binding in the mutants, the dissoci-
ation constants for pyruvate in the mutants are signiﬁcantly in-
creased relative to that of the wild-type enzyme. Hence, in the
presence of 0.5 mM Co2+, pyruvate dissociation constants in
the mutant enzymes are signiﬁcantly higher than the wild-type
enzyme, by 41-fold in H45A and 194-fold in H45Q compared
to the wild-type enzyme (Table 5). Whereas the metal-free
H45A and H45Q enzymes show only modest increases in pyru-
vate dissociation constants, by about 3.5-fold, compared to the
wild-type enzyme. The increase in dissociation constants for
the pyruvate enolate analogue, oxalate, relative to pyruvate
are less pronounced in the Co2+-enzymes. Oxalate is a dicar-
boxylic acid and a good metal chelator. Its ability to enhance
metal cofactor binding in the Co2+-enzyme may therefore con-
tribute to its lower dissociation constants compared to pyru-
vate in the histidine mutants.
3.4. pH-Activity proﬁle
Kinetic parameters of the wild-type and H45 mutants over
the pH range of 5 to 9 were determined using concentrations
of Co2+ at least 5-fold higher than the apparent Km value.
The upper pH limit (pH 9) in the activity measurements was
due to the precipitation of Co2+ above pH 9.0.
The pH data of the wild-type enzyme (Fig. 3) showed a sin-
gle deprotonation with pKa about 6.5. The pKa values are con-
sistent with a base catalyzed deprotonation of the C4-OH of
the substrate. In the H45A and H45Q mutants, this pKa value
is lost and interestingly there is a linear increase in log (kcat)
and log (kcat/Km) proportional to the log of hydroxide ion con-
centration, suggesting that OH is now contributing to base
catalysis in these mutants. An interesting comparison can beTable 5
Dissociation constants of pyruvate and oxalate determined by
ﬂuorescence titrations
Enzymes aKd pyruvate
(mM)
bKd pyruvate
(mM)
bKd oxalate
(mM)
Wild-type 21 ± 2 0.32 ± 0.02 0.010 ± 0.001
H45A 73 ± 20 13 ± 3 0.046 ± 0.004
H45Q 79 ± 6 62 ± 4 0.46 ± 0.2
The concentrations of enzymes were ﬁxed at 90 lg/mL and the protein
emission ﬂuorescence was recorded in the presence of varying con-
centrations of pyruvate and oxalate in a total of 0.1 mL 100 mM so-
dium HEPES, pH 8.0.
aKd determined with apoenzyme.
bKd determined in solution containing 0.5 mM Co
2+.
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Fig. 3. pH dependence of kcat and kcat/Km for wild-type and mutant
enzymes. Assay conditions are described in Section 2. Graphs A and B
are pH dependence of kcat and kcat/Km for wild-type (d), H45A (s)
and H45Q (.), respectively.
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mannosyl hydrolase, whereby a histidine residue activates a
water molecule that attacks the C1 0 carbon of the substrate
yielding b-D-mannose and GDP [12]. The histidine residue
functions as a general base and its replacement also results
in the dependence of the reaction on hydroxide concentration.
In conclusion, the results show that His45 has a structural
and catalytic role. It is important for metal cofactor binding,
possibly by proper positioning of a metal cofactor water ligand
and is also involved in base catalysis. This contrast with Class
II dihydroxyacetonephosphate-speciﬁc aldolases or Class I
pyruvate-speciﬁc aldolase, whereby aspartate, glutamate, or
substrate carboxylate were proposed to abstract the C4-OH
protons of the substrates [13–15].
It has been proposed that histidine 45 also forms a proton
relay to the water ligand of the metal cofactor, which in turn
acts as the catalytic acid in donating a proton to the C3 of
pyruvate enolate [7]. However, due to the perturbed metalbinding, we cannot unequivocally determine if the reduced
pyruvate proton exchange observed in the His 45 mutants is
due to the disruption of this proton relay. Therefore, the iden-
tiﬁcation of the catalytic acid in the enzyme requires further
investigation.
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